There is little knowledge of the effects of landform relief on early growth dynamics and competitive interactions of Pinus sylvestris (Scots pine) stands on inland dunes, which could potentially be substantial. The goal of this study was to examine and compare early dynamics (based on growth parameters and properties of the understorey vegetation) and the effects of slope aspect in naturally regenerated and pine-planted woodland on inland dunes in northern Poland. Growth parameters, tree density, and understorey vegetation were monitored on north-and south-facing slopes in a 26.3 ha post-fire area with natural secondary succession and eight even-aged pine-planted stands, 5-34 years old. Clear differences were detected between the woodland types, in both growth parameters of pines with similar ages and effects of slope aspect on the pines. In the natural regeneration area north-facing slopes provided favorable conditions for natural encroachment by pines. Tree density was higher, and the pines were taller and thicker, on north-facing than on southfacing slopes. In contrast, in the pine-planted area pines were larger on southfacing slopes, although growth conditions were less favorable than on northfacing slopes. However, in the pine-planted area the north-facing slopes had significantly higher herb cover, dominated by Deschampsia flexuosa, indicating that even the presence of a relatively low grass species can impede early growth of Scots pine. The understorey species composition differed in the natural regeneration area, being dominated by Calluna vulgaris on north-facing slopes and Corynephorus canescens on south-facing slopes. The results reveal that interactions between landform, natural dynamics, planting practices, and competitive interactions in woodlands on inland dunes are complex, and should be considered in efforts to manage them efficiently.
Introduction
Scots pine (Pinus sylvestris) is the most widely distributed species of the Pinaceae family, and a commercially important forest tree in large parts of its native range. Due to its high stress tolerance, it is also widely planted to stabilize and restore habitats in sites with poor conditions, for example, to fix dunes with dry, poor sandy soil (Piotrowska 1988 , Cedro et al. 2013 ). However, young pine stands are often severely threatened by extreme stress or disturbance in such environments (Zhu et al. 2003 , Menkis et al. 2012 . Thus, thorough understanding of the biotic and abiotic processes in Scots pine forests is needed, particularly those in "high risk environments" during early development stages, when the young trees are most susceptible to stresses and disturbances. In early development phases, young trees and understorey vegetation (shrubs and herbaceous weeds) strongly compete for the nutrients, water and light required for their growth and survival, in both natural woodlands during succession (Prach & Pyšek 2001 , Ciurzycki 2004 , Picon-Cochard et al. 2006 ) and managed forests (Andrzejczyk 2000, Sewerniak et al. 2012) . The competition is most evident under extreme conditions, e.g., when soil moisture is generally low (Watt et al. 2003 , Marzano et al. 2012 ), a typical characteristic of the dry, sandy soils of inland dunes (Zhu et al. 2006 , Jankowski 2010 , Sewerniak et al. 2011 . Fire can help tree species compete with understorey vegetation (Ascoli & Bovio 2010) , and reportedly facilitate natural regeneration of Scots pine (Hille & Ouden 2004 , Marozas et al. 2007 ). However, fires can also impair Scots pine's encroachment of a new ecosystem. For example, slow-moving fires can increase the temperature of Scots pine seeds to over 90 °C and harm their germinative capacity, thus helping competitor species (Nuñez et al. 2003) .
Landform relief is a major factor in plant growth and dynamics, as it determines both the gradient and aspect of slopes, and thus the amount of solar radiation which strongly influence moisture and tem- perature regimes (Cantlon 1953 , Yimer et al. 2006 , Sewerniak et al. 2011 . However, as slope aspect has the strongest effects on vegetation in large-scale relief forms, previous research on relief's effects on plant growth has mainly focused on mountainous areas (Ochrymowicz 1963 , Fekedulegn et al. 2003 , Rezaei & Gilkes 2005 , Calvo et al. 2008 , Socha 2008 , Bravo et al. 2011 ). There has been less investigation of its effects in dune environments, which have relatively slight relief, and most of this investigation has focused on coastal dune ecosystems (Piotrowska 1988 , Acosta et al. 2000 , Tilik et al. 2011 , Menkis et al. 2012 , Cedro et al. 2013 . Some slope-related variations in the vegetation and microclimate of inland dune environments have been reported (Jankowski 2010 , Sewerniak et al. 2011 ), but more detailed observation and analysis of the mechanisms responsible for the observed variations are required.
In the northern hemisphere, north-facing slopes receive less solar radiation than south-facing slopes, and thus generally have a more humid microclimate, more fertile soil, and lower temperatures (Cantlon 1953 , Egli et al. 2006 , Sewerniak et al. 2011 , Sigua et al. 2011 . Hence, aspect also strongly influences the species composition of trees, shrub communities, and herb layers (Yimer et al. 2006 , Jankowski 2010 , Sewerniak et al. 2011 ). Furthermore, it may significantly affect timber production; notably, many studies have shown that stands grow faster on north-facing slopes than on south-facing slopes in northern temperate forests due to their higher soil moisture and fertility (Ochrymowicz 1963 , Fekedulegn et al. 2003 , Socha 2008 .
Ecological approaches are increasingly applied in land restoration programs and forest management, and it has been suggested that silvicultural practices should reflect the dynamics of naturally developing ecosystems (Shorohova et al. 2009) . A potentially valuable way to identify practices that may be suitable for such strategies is to compare processes in natural woodlands and managed forests (Prach & Pyšek 2001) . As most inland dune habitats of Central Europe are currently covered by even-aged, planted Scots pine monocultures, extensive areas with natural vegetation are scarce, and the only such area remaining in Poland is the Torun artillery training ground, in the northern part of the country. The objectives of this study were to examine and compare early dynamics (based on growth parameters and properties of the understorey vegetation) and effects of slope aspect in naturally regenerated and pine-planted woodland on inland dunes in Poland. It was hypothesized that early dynamics would differ between the two woodland types, that slope aspect would affect the dynamics, and that the results would provide valuable insights for managing forests and reforesting dune environments.
Materials and methods

Site description and experimental design
The study was conducted at the Torun artillery training ground (52° 55′ N, 18° 36′ E - Fig. 1 ), located in one of the largest inland dune fields of Poland. The dominant soils here are sandy, acidic, dry and nutrientpoor Podzols (Bednarek & Jankowski 2006 , Sewerniak et al. 2011 . The mineral material of the soil has very homogeneous composition and texture, being highly dominated (85-99%) by quartz (Jankowski 2010) , and approximately 80% of the particles are in the 0.1-0.25 mm fraction (Sewerniak et al. 2011) . The study area has a transitional type of climate, between oceanic and continental. The mean annual temperature is 7.9 °C, with monthly means ranging from -2.2 to 18.1 °C in January and July, respectively. The average annual precipitation is 522.5 mm, July being the wettest month. The mean length of the annual growing season at the study area is 218 days (Wójcik & Marciniak 2006) .
For the comparative study two plots were established in a natural regeneration area (NRA) and pairs of plots in eight stands in a pine-planted area (PPA). The two NRA plots, covering 26.3 ha in total and spaced approximately 1 km apart (Fig.  1) , were established for inclusion in a longterm research program in 2011, when all trees in the plots at least 1 m tall were measured (Sewerniak & Mendyk 2015) .
The studied NRA had been deforested for military purposes in the 1950s, and since then the main factors influencing development of the vegetation had been natural secondary succession and fires that had periodically retarded the succession. As the plots were in a military area, no forest management practices (soil preparation, thinnings etc.) had been applied to either of them for decades. The last two fires in the NRA (both of which burned the two study plots) occurred in 1989 and 1991. The fires were not very severe as there had been relatively little fuel to burn, because in the late 1980s only about 30 years had passed since deforestation in the 1950s. Thus, the vegetation in the studied plots was similar to the vegetation observed in 2011. Nevertheless, the fires eliminated most of the trees on both plots, and in 2011 only eight pre-fire pines were present in the whole 26.3 ha study area. The oldest two of these trees were 41 and 45 years old, and the other six were younger than 30 years. When the measurements were taken in 2011 the plots were covered by stands with a loose tree canopy dominated by pines ( Fig. 2) with ages quite evenly distributed across the range 0-22 years (Tab. 1), reflecting the gradual encroachment of trees in the NRA in the years following the last fires. As the potential natural vegetation on the studied dunes is subcontinental Peucedano-Pinetum forest (Chojnacka et al. 2010) , Pinus sylvestris accounted for most (82%) of the trees encroaching in the plots. Silver birch (Betula pendula) accounted for another 17%, and percentages of other species were minimal (Sewerniak & Mendyk 2015) .
The PPA plots were established in the external zone of the Torun artillery training ground, where the forest was divided into even-aged sections of P. sylvestris stands representing different age classes. The stands were usually pine monocultures 876 iForest 9: 875-882 
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with small proportions of other species, mainly B. pendula. Unlike forest in the NRA, stands in the PPA had been subjected to standard forest management practices. Eight PPA stands were selected to cover the age range of most pines growing in the NRA (5, 6, 7, 10, 14, 17, 22 and 34 years oldyounger stands were excluded, because pines in them were much shorter than 1 m). All of the PPA stands selected for inclusion in the study had replaced at least one previous generation of clear-cut forest, had not been exposed to fire for at least 50 years, and were located on a dune with a south-facing and a north-facing slope, both of which had received identical silvicultural treatments since planting. All of the study plots, representing both woodland types, were located within 3 km of each other (Fig. 1 ). They were situated beside army training grounds, and vegetation development had not been impacted by military activities (e.g., explosions etc.) in recent decades. The mean relative height of the investigated dunes is about 8 m. The only source of water for the plants on the dune landforms is precipitation, as no groundwater was available to the roots.
Data collection and analysis
In both NRA plots the GPS location, total height (H) and diameter at 5 cm above ground level (D) of all pines at least 1 m tall (700 in total) were measured in autumn 2011. Tree height was determined using a calibrated pole or a Vertex IV hypsometer (Haglöf, Långsele, Sweden), as appropriate, and the diameter using a caliper. In addition, the height of the lowest living branch (H1) of 177 pines representing the full-size range of trees included in the study was measured, and their ages were determined by counting the tree-rings in cores extracted with an increment borer. To determine whether trees were on a north-facing or a south-facing slope the GPS positions of NRA pines were transferred to ArcGIS ® 9.3 (ESRI, Redlands, CA, USA). North-and south-facing slopes were defined as polygonal areas with azimuths of 315-45° and 135-225°, respectively, and a minimum inclination of 5°. In total, 112 such polygons were identified, 60 representing north-facing slopes and 52 representing south-facing slopes, supporting 180 and 69 pines, respectively (Tab. 2).
To obtain tree measurements in the PPA stands 16 rectangular plots were established, two in each stand, one on a northfacing slope and the other on a south-facing slope (Tab. 3). As silver birch strongly affects the growth of surrounding trees (Zarzycki 1979) , plots were only established in parts of the stands where the only trees were Scots pines; consequently, the plot area varied from 48 to 92 m 2 , due to restrictions imposed by the presence of silver birch. In 2013, the H, H1, and D of all the pines in the plots (623 in total) were measured.
Using the initial measurements, the slenderness (H/D ratio) and relative crown length (RCL, obtained by dividing the crown length, H-H1, by H then multiplying by 100), were calculated for all the measured pines in both woodland types. Moreover, to avoid drilling increment bores in all pines in the NRA, the relationships between age and both height and diameter were calculated by linear regression. Age was found to be more strongly related to diameter (R 2 =0.84) than height (R 2 =0.81), so the ages of pines that were not drilled in the NRA plots were estimated (in years) using the equation:
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where D is the diameter (in cm) taken at 5 cm above the ground level. The understorey vegetation of both woodland types was also investigated. In the PPA stands a plot was established in the middle part of each studied slope, while in the NRA six plots were established on both north-facing and south-facing slopes. All plots were 200 m 2 in area and there were 28 in total, 12 in the NRA and 16 in the PPA. In each plot herb cover was measured as a percentage and vascular species composition was determined by the Braun-Blanquet method (Braun-Blanquet 1964). All of this work was performed during the 2013 growing season.
Environmental conditions were indirectly assessed by a bio-indication technique based on the weighted abundances of specific plant species as indicators of positions along environmental gradients (Ellenberg et al. 2001) . Such approach has been extensively used in ecological studies (Lawesson 2000 , Halarewicz & Zolnierz 2014 . Using indicator values proposed for the vascular plants of Central Europe by Ellenberg et al. (2001) , indices were calculated for the ecological variables light (L), temperature (T), continentality (K), moisture (F), soil reaction (R) and nitrogen (N) for each of the 28 plots where understorey vegetation properties were investigated. Salinity was excluded as it is only relevant for saline soils, which were not present at the study site. The latin names of plant species follow Flora Europaea (Tutin et al. 1993 ).
Statistical analysis
Non-parametric tests were used to test for differences in mean values of parameters between groups. Differences in measured variables of pines growing on northand south-facing slopes were evaluated using the Mann-Whitney U test. Pooled data for all of the pines in the 60 polygons on north-facing slopes and 52 polygons on south-facing slopes in the NRA were used for this comparison, but in the corresponding PPA comparison pines on north-and south-facing slopes in each stand were compared separately, as these even-aged stands differed in age. The Mann-Whitney U test was also used to assess the difference in tree density between north-and south-facing slopes in the NRA, but not the PPA, where the tree density was strongly influenced by the forest management practices, in addition to natural factors. Furthermore, it was used to assess the difference in mean herb cover between plots on six north-facing and six south-facing slopes in the NRA, and between plots on northfacing and south-facing slopes in the eight focal stands in the PPA. The Kruskal-Wallis test was used to assess the significance of differences in the Ellenberg indicator values for all 28 plots where the understorey vegetation was characterized. The statistical analyses were performed using the software package STATISTICA ® version 9.0 (StatSoft, Tulsa, OK, USA). Detected differences were deemed significant if P < 0.05, and errors indicated in the text with ± symbols after mean values are standard deviations.
The differences in understorey vegetation species composition among the 28 plots were also analyzed by ordination techinques using the CANOCO package ver 
Results
Comparison of pine growth parameters in the two woodland types
There were clear differences in pine dimensions between the woodland types, which became more pronounced with increases in age. The parameters of young pines up to 7 years old were similar at both sites, but as the trees aged, they diverged (Fig. 3) . Furthermore, pines in PPA stands tended to be taller but thinner (thus having a higher slenderness ratio, H/D) than those of corresponding ages in the NRA (as also shown in Fig. 3) .
The slope aspect affected the growth dynamics of young pines, in both woodland types, but the effects qualitatively differed and were stronger in the NRA than in the PPA. In the PPA stands, trees growing on south-facing slopes generally had significantly higher mean H and D values than those growing on north-facing slopes (Fig.  4a, Fig. 4b ). Furthermore, in five of the eight studied stands, trees on north-facing slopes had higher (P < 0.01) slenderness ratios than trees of the same age on southfacing slopes, while in the other three stands there was no significant betweenslope difference in slenderness ratio (Fig.  4c) . The only considered growth parameter that was not significantly related to slope aspect in the PPA was RCL, though it was usually higher for trees on south-facing slopes than for trees of the same age on north-facing slopes (Fig. 4d) .
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iForest 9: 875-882 Pyr.comPyrus communis, As shown in Tab. 4, in the NRA pines on the north-facing slopes were significantly older (13.0 ± 4.8 vs. 11.0 ± 4.4 years), taller (2.79 ± 1.43 vs. 2.09 ± 1.36 m), and thicker (diameter: 11.9 ± 7.6 vs. 8.9 ± 6.8 cm) than on south-facing slopes, in stark contrast to relationships observed in the PPA. The tree density was also higher on the north-facing slopes (58.0 ± 91.7 vs. 14.7 ± 40.3 pines ha -1 ). In the NRA no significant relationship was detected between slope aspect and either slenderness or RCL (Tab. 4).
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Properties of understorey vegetation in the two woodland types
The understorey vegetation species composition was clearly affected by both woodland type and slope aspect. The first axis of the PCA explains 53.6% of the total observed variance in species composition and clearly separates the two woodland types (Fig. 5) , while the second axis clearly separates vegetation on north-facing and south-facing slopes in the NRA, and there is a very weak evidence of separation of the vegetation on north-facing and southfacing slopes in the PPA (Fig. 5) .
In total 30 vascular plant species were found in the understorey vegetation of the investigated plots. Certain species were clearly abundant in a specific woodland type and/or on slopes with one of the aspects, as shown in Fig. 5 . Deschampsia flexuosa dominated on both the north-and south-facing slopes in PPA stands, but neither of these sets of slopes in the NRA. Furthermore, aspect clearly affected the species composition of understorey vegetation in NRA plots, notably Calluna vulgaris dominated on the north-facing slopes, while Corynephorus canescens dominated on south-facing slopes.
Aspect significantly affected herb cover in the PPA, where it was twice as high on north-facing slopes than on south-facing slopes overall (79 ± 9% vs. 39 ± 25%, respectively; P < 0.01), and higher on north-facing slopes in all but the oldest stand (Fig. 6) . In contrast, in the NRA, although aspect clearly affected species composition, it had no effect on herb cover, which was almost identical on north-facing and south-facing slopes (77.5 ± 12.9% and 78.3 ± 7.5%, respectively; P = 0.94).
Clear relationships between the calculated Ellenberg's indicator values and both topographical positions and woodland types were detected (Tab. 5). As expected, the light index (L) values were higher for NRA plots than for PPA plots, in accordance with the more open canopy in the NRA. Moreover, in both woodland types the index was higher for south-than for north-facing slopes, but this distinction was clearer in the PPA. In both woodland types, the moisture index (F) values were higher and the two indices relevant to soil fertility (reaction -R, and nitrogen -N) were lower for north-than for south-facing slopes. However, no consistent differences between slope aspects in temperature (T) or continentality (K) indices were detected in either of the two woodland types (Tab. 5).
Discussion
The growth dynamics of Scots pine stands strongly depends on the space available to the trees in their immediate environments (Kazmierczak 2013) . The detected differences in pine growth parameters between the two studied woodland types were correlated with variations in tree density at the examined plots. The canopy of a planted pine stand will close some years after planting, but before closure the juvenile trees will have similar space to seedlings in a NRA. This explains the similarities in dimensions of the youngest pines of corresponding ages in the two woodland types. However, in the older PPA stands the canopy had closed and trees had competed more intensely for light, as reflected in their relatively high H and H/D values. Furthermore, such competition is stronger on north-facing slopes than on south-facing slopes, as the former receive less light, and thus the slenderness ratios (H/D) are even higher. In contrast, the canopy appears to remain open longer during the development of stands in the NRA (Fig. 2) , thus intraspecific competition for light does not affect pine trees' growth so strongly. Similar patterns have been observed in a comparative study on Scots pine forests growing at sites with dry, sandy soils in China (Zhu et al. 2003) .
The NRA results suggest that north-facing dune slopes can offer favorable conditions for forest succession in Central Europe. Similarly, Calvo et al. (2008) found that the density and height of Pinus pinaster seedlings were higher on north-facing slopes than on south-facing slopes in the three years following a forest fire in north-west Spain. The generally higher moisture and/ or fertility of soils on north-facing slopes could explain these results (Rezaei & Gilkes 2005 , Calvo et al. 2008 , Sigua et al. 2011 . The Ellenberg's indicator values obtained in this study confirmed that soil moisture was higher on the north-facing slopes of the examined sites. However, as the calculated indices for soil fertility (R and N) were higher on south-facing slopes, the results suggest that soil moisture may influence tree succession on inland dunes such as those at Torun more strongly than soil fertility.
Due to favorable soil conditions, northfacing slopes have also been regarded as superior to south-facing slopes for timber production (Ochrymowicz 1963 , Fekedulegn et al. 2003 , Socha 2008 . Thus, a surprising finding was that trees growing on north-facing slopes of even-aged PPA stands had lower mean heights and diameters than those growing on south-facing 880 iForest 9: 875-882
Tab. 5 -Ellenberg's indicator values (means ± standard deviation) for plots on northern and southern slopes in the natural regeneration area (NRA) and the pine-planted area (PPA) for the ecological variables light (L), temperature (T), continentality (K), moisture (F), reaction (R) and nitrogen (N). P-values were obtained after Kruskal-Wallis tests. 
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slopes. This may have been due to two factors. First, the north-facing slopes of the studied PPA stands had a higher herb cover (largely of D. flexuosa) than south-facing slopes. This would have affected pine growth in the first years after planting because grasses fiercely compete with young trees for resources (Andrzejczyk 2000 , González-Martinez & Bravo 2001 , Prach & Pyšek 2001 , Picon-Cochard et al. 2006 . A similar relationship between grass cover and the growth dynamics of young pines on north-and south-facing slopes of inland dunes in Poland has been previously reported (Sewerniak et al. 2012) . The other likely factor is access to light, as Scots pine is a photophilous species (Ellenberg et al. 2001) , and the species' growth on southern slopes may be boosted by their greater insolation, which is positively correlated to photosynthesis rates in P. sylvestris shoots (Oleksyn 1993) . Accordingly, Sewerniak et al. (2011) found that an old-growth pine stand on a south-facing dune slope had larger dimensions than a similarly aged stand on a north-facing slope at the Torun artillery training ground. The low density of pines on south-facing slopes of the NRA can be explained by the predominance in the understorey vegetation of grasses, which prolong forest succession due to their strong competitive impact in early stages (Prach & Pyšek 2001 , Ciurzycki 2004 . Furthermore, competition with herbaceous vegetation is particularly intense in environments with low water availability (González-Martinez & Bravo 2001) , such as south-facing slopes of inland dunes, where moisture contents of the topsoil may be several-fold lower than on north-facing slopes (Sewerniak et al. 2011 , Sewerniak & Jankowski 2015 . Water availability has also been widely identified as a common factor affecting plant succession on dunes (Elgersma 1998 , Tilik et al. 2011 , and the survival, growth and development of managed forests on dry, sandy soils (Zhu et al. 2006) .
The tree density in the NRA was lower than expected 20 years after a fire, as fires reportedly stimulate the natural regeneration of trees (Hille & Ouden 2004 , Marozas et al. 2007 , Ascoli & Bovio 2010 . Furthermore, significantly higher densities of Scots pine seedlings have been recorded in other post-fire areas in Poland (Dobrowolska 2008 , Sewerniak 2010 ). However, this study was conducted in a region of relatively low precipitation compared to Central European areas, and the sandy soils of the examined dune ecosystem have poor ability to retain moisture (Jankowski 2010 , Sewerniak et al. 2011 . These factors hinder seedling survival, especially during dry years when seedlings must compete with weeds for meager rainfall. The scarcity of sources of propagules near the study site could also have contributed to the low tree density in the NRA (Sewerniak & Mendyk 2015) . Furthermore, if the residence times of the last fires had exceeded 10 minutes in any parts of the studied plots and generated temperatures exceeding 90 °C, the germinative capacity of the Scots pine seeds in seed banks could have been harmed and the competitor species favored (Nuñez et al. 2003) .
Conclusions
This comparative study extends understanding of the early dynamics of Scots pine stands in inland dune woodlands, and the effects of both slope aspect and standard management. The naturally regenerated and pine-planted stands differed in both species composition of understorey vegetation and pine growth parameters, probably due to large differences in light conditions. Although inland dunes have only slight relief, the aspect was still found to influence vegetation development. The results show that secondary succession of trees proceeds more rapidly on north-facing slopes than on south-facing slopes in inland dune areas of Central Europe. Thus, the south-facing slopes would require more careful attention during attempts to fix inland dunes by establishing or restoring vegetation.
Foresters commonly view inland dunes as uniform sites for forest management, but this study has demonstrated that aspect clearly affects factors that significantly influence tree survival, growth and development on these landforms. Notably, in the pine-planted sites young pines on south-facing slopes had larger mean dimensions than those of corresponding ages on north-facing slopes. This could be due to both the favorable light conditions and lower average herb cover observed on south-facing slopes. The north-facing slopes of young pine plantations had higher weed cover, which negatively affects early Scots pine growth dynamics, particularly in regions with low precipitation. On the dry, sandy dunes of Central Europe, even the relatively low grass species Deschampsia flexuosa can hinder the early growth of Scots pine. The findings, particularly the importance of considering effects of aspect in supposedly homogeneous sites, may facilitate efficient forest management in such environments.
